During plant growth and development, the phytohormone auxin induces a wide array of changes that include cell division, cell expansion, cell differentiation, and organ initiation. It has been suggested that the actin cytoskeleton plays an active role in the elaboration of these responses by directing specific changes in cell morphology and cytoarchitecture. Here we demonstrate that the promoter and the protein product of one of the Arabidopsis vegetative actin genes, ACT7 , are rapidly and strongly induced in response to exogenous auxin in the cultured tissues of Arabidopsis. Homozygous act7-1 mutant plants were slow to produce callus tissue in response to hormones, and the mutant callus contained at least two to three times lower levels of ACT7 protein than did the wild-type callus. On the other hand, a null mutation in ACT2 , another vegetative actin gene, did not significantly affect callus formation from leaf or root tissue. Complementation of the act7-1 mutants with the ACT7 genomic sequence restored their ability to produce callus at rates similar to those of wild-type plants, confirming that the ACT7 gene is required for callus formation. Immunolabeling of callus tissue with actin subclass-specific antibodies revealed that the predominant ACT7 is coexpressed with the other actin proteins. We suggest that the coexpression, and probably the copolymerization, of the abundant ACT7 with the other actin isovariants in cultured cells may facilitate isovariant dynamics well suited for cellular responses to external stimuli such as hormones.
INTRODUCTION
Phytohormones are believed to play a critical role in influencing virtually every aspect of plant growth and development (Davies, 1995) . At the cellular level, the hormone auxin acts by altering the turgor, elongation, division, and differentiation of cells. Auxin also is known to induce the rapid synthesis of specific mRNAs and proteins suggested to be necessary to regulate these growth processes (Key, 1964; Theologis, 1986; Brummell and Hall, 1987; Hagen, 1989; Estelle, 1992; Takahashi et al., 1994; Abel and Theologis, 1996) . Despite the wealth of information on the polar transport and physiological roles of auxin in plants (Davies, 1995; Muday, 2000) , much remains to be learned regarding auxin's mode of action in regulating the dynamics and expression of cytoskeletal proteins, which elaborate the response to this hormone (Loof et al., 1996) . Most attempts to examine the activity of plant hormones on the cytoskeleton have been directed toward analyzing changes in the pattern of organization of cytoskeletal networks within the cytoplasm (Thimann et al., 1992; Zandomeni and Schopfer, 1993; Shibaoka, 1994; Nick, 1999) .
Exogenous application of hormones initiates a variety of biochemical events that culminate in processes directed by the cytoskeleton, such as the initiation of rapid cell proliferation, cell expansion, and differentiation. Therefore, understanding the role of hormones in the regulation of plant morphogenesis requires a thorough knowledge of the differential expression of the cytoskeletal genes in response to hormones. In the present study, we investigated the differential regulation of actin genes, which are fundamental to plant growth and morphogenesis, after application of the hormone auxin to cultured Arabidopsis tissues and organs.
Higher plants contain actins encoded by a relatively ancient and highly divergent multigene family. Arabidopsis is an excellent model system for studying actin function and regulation because it has only eight functional actin genes, all of which have been well characterized. On the basis of their sequence and expression, these eight actin genes have been grouped into two major phylogenetic classes, reproductive and vegetative, and five subclasses Meagher et al., 1999b) , as shown in Figure 1A . These ancient actin genes encode proteins that are relatively divergent in their primary structures compared with proteins encoded by actin families in other kingdoms (Meagher et al., 1999a) , and each of the genes is expressed in a distinct tissue-specific and temporal fashion (Meagher et al., 1999b) . Moreover, there is a developmental switch in the regulation of actin isovariants during cell differentiation and maturation in plants. For example, during Arabidopsis and tobacco pollen development, there is a switch from completely vegetative to predominantly reproductive actin isovariants Meagher et al., 2000) . Also, cellular responses rapidly evoked by external stimuli such as fungal infection (Jin et al., 1999) and hormones (Hightower and Meagher, 1985) can result in altered expression of specific actin mRNAs. These observations suggest that different cell types may differ in their preference for actin isovariants to fulfill their distinct cellular functions and that there are functional bases for actin isovariant multiplicity. A number of observations in animals strongly support this hypothesis, because their different actin isoforms have unique properties and they are not functionally equivalent (Rubenstein, 1990; Herman, 1993; Fyrberg et al., 1998) . The functional significance of the actin isovariants in plants, however, has not been studied in detail.
Using a battery of actin isovariant-specific antibodies and the act7-1 mutant allele (Gilliland et al., 1998) , which shows a highly reduced level of expression of the ACT7 protein (L.U. Gilliland and R.B. Meagher, unpublished data) and poor induction of callus in response to auxin, we have demonstrated that the ACT7 isovariant is essential for normal phytohormone response during callus formation. We found that there is a significant increase in the expression of this protein in response to hormones in different organs of wildtype Arabidopsis seedlings. Moreover, the activity of the ACT7 promoter, which contains several predicted hormoneresponsive elements (McDowell et al., 1996a) , is enhanced rapidly during hormonally induced callus formation in the root tissue of transgenic Arabidopsis plants carrying ACT7-GUS fusion genes. By complementing act7-1 with ACT7 genomic sequence, we have shown that the hormone response and callus formation can be restored to normal levels. Together, our observations provide insights into the role of the ACT7 isovariant in hormone-induced cell proliferation and callus formation.
RESULTS

Distinguishing Different Actin Isovariants
Analysis of the differential regulation of the eight functional actins of Arabidopsis in response to exogenous hormones required isovariant-specific antibodies. Production of such antibodies depends only on a dozen or so nonconservative amino acid changes among plant actins . We recently produced MAb45a, a monoclonal antibody specific to late pollen-specific reproductive actin subclasses 4 and 5 . To isolate additional actin subclass-specific antibodies, several mice were immunized with purified recombinant ACT2, ACT7, or ACT11 proteins. Hybridoma cell lines secreting monoclonal antibodies that react with only a subset of Arabidopsis actins in ELISA or on protein gel blots were isolated. The strat- egy used for the purification of recombinant actins and the isolation of the new antibodies was the same as that described previously . Two of the antibodies produced from two independent mice had the same specificity and reacted with the actin subclasses 2, 3, 4, and 5 ( Figures 1A and 1B) , representing the entire reproductive class of actins (ACT1, ACT3, ACT4, ACT11, and ACT12) and one vegetative actin, ACT7. On the basis of the specificity of these two antibodies to actin subclasses 2, 3, 4, and 5, we named them MAb2345a and MAb2345b. These antibodies did not show any cross-reactivity with ACT2 and ACT8 (Figures 1A and 1B) . Two additional antibodies reacted with actin subclasses 1 and 3, representing the two predominantly expressed vegetative actins, ACT2 and ACT8, and the reproductive actin ACT11 ( Figure 1B) . We named these monoclonal antibodies MAb13a and MAb13b. The general control antibody MAbGPa, on the other hand, detected uniformly all five subclasses of Arabidopsis actins, as shown in Figure 1B .
We further characterized the reactivity of MAb2345a and MAb13a, which belong to the IgG1 class, by reacting them with immunoblots containing extracts from Arabidopsis pollen and young seedlings. MAb2345a recognized a strong 45-kD actin band in the pollen and a weak band of similar size in the seedling extract. In contrast, MAb13a reacted very strongly with actins expressed in the seedling and weakly with pollen actin ( Figure 1B ). An identical blot stained with MAbGPa revealed that both lanes contained equal amounts of total actins. Moreover, we tested the ability of the antibodies to bind to F-actin by reacting them with fixed Arabidopsis (Davis and Ausubel, 1989) and tobacco (Nagata et al., 1981) suspension cells, which contain vegetative actins ( Figure 1C ). Both MAb2345a and MAb13a stained dense arrays of cortical actin filaments in the interphase cells of both cell types. The pattern of labeling was very much comparable to that obtained with the general anti-actin antibody MAbGPa ( Figure 1C) . However, the reproductive actin-specific antibody MAb45a did not bind to any actin filaments in either cell type ( Figure 1C ). Identical results were obtained when we stained the embryonic cultures of a very distant dicot in the magnolia family, yellow poplar, and a monocot, rice (data not shown). Therefore, the actins expressed in these cultured cells must belong to subclasses 1 (ACT2 and ACT8), 2 (ACT7), and 3 (ACT11).
ACT7 Gene Expression Is Enhanced Rapidly by Plant Hormones
The promoter of ACT7 contains several putative hormoneresponsive DNA sequence elements (McDowell et al., 1996a) . Thus, we were interested to determine how this gene responds to the exogenous application of hormones during callus formation in Arabidopsis. We used roots from transgenic Arabidopsis plants carrying a translational fusion between the ACT7 5 Ј flanking region and the ␤ -glucuronidase (GUS) reporter gene (McDowell et al., 1996a) . Root explants were incubated on callus-inducing medium (CIM) containing 2,4-D or indoleacetic acid (IAA) and kinetin for induction of callus tissue. For comparison, we performed similar experiments with transgenic roots expressing the 5 Ј flanking region-GUS fusion from other actins (An et al., 1996a Huang et al., 1997) . We then assayed GUS gene expression by histochemically staining the root explants at two different stages of callus formation, as shown in Figure 2 . ACT7-GUS showed moderate staining in uninduced control roots but exhibited dark blue staining of all callus tissue 7 and 21 days after hormone treatment. ACT2-GUS , on the other hand, showed very strong staining before and moderate to low staining 7 and 21 days after hormone treatment. ACT1-GUS expression was observed in the lateral root primordia and root tips in untreated roots. In the hormone-induced samples, small segments of roots at the region of lateral root initiation (7 days) and portions of the callus tissue apparently derived from those regions (21 days) showed strong staining. Other fusion genes, such as ACT11-GUS , showed poor staining of roots before and after callus induction. Of all of the gene fusions, the ACT7-GUS fusion showed by far the strongest expression in the total callus tissue (Figure 2) . Similar results were obtained in repetitions of this experiment with two other independent ACT7-GUS transgenic lines (data not shown).
To examine how rapidly the ACT7 promoter responds to hormones, we performed quantitative fluorometric 4-methylumbelliferyl-␤ -D -glucuronide assays of roots from wild-type and ACT7-GUS transgenic plants at different times after auxin (2,4-D or IAA) treatment. As shown in Figure 3 , the kinetics of GUS activity for several plant samples revealed that ACT7 promoter was induced even with a 1-hr auxin treatment. We observed a reproducible 30 to 100% increase in GUS activity in transgenic roots exposed to hormone compared with untreated controls. The wild-type plants showed no GUS activity before or after hormone treatment.
Callus Tissue Induced by Hormones Shows Enhanced ACT7 Isovariant Expression
After observing an increase in the activity of ACT7 and ACT1 reporter fusions in response to hormones, we examined whether the expression of the actin isovariants changed in the hormone-induced callus tissue compared with that in the uninduced control. Qualitative and quantitative changes in the level of actin proteins in the hormone-treated tissue were examined by protein gel blot analysis using actin subclass-specific antibodies (Figure 4 ). Because there is no anti-actin antibody available with specificity for a single actin isovariant or subclass ( Figures 1A and 1B) , we compared different antibodies on identical blots to determine if particular actin isovariants were induced or suppressed upon hormone treatment.
We probed blots containing protein samples from hormonetreated seedlings, leaves, and roots with different actin antibodies ( Figure 4) ; we then quantified the intensity of the bands detected. MAbGPa revealed almost twice the amount of total actin per microgram of total protein present in the hormone-induced root callus tissues (7 and 21 days) as in the uninduced controls ( Figure 4C ), whereas the hormonetreated whole seedlings and leaves showed 40 to 50% and 10% increases in total actin, respectively (Figures 4A and 4B) . MAb13a, which detects ACT2, ACT8 (subclass 1), and ACT11 (subclass 3), showed no change or only a slight reduction (10 to 20%) in the amounts of these actin isovariants in the hormone-induced leaves and seedlings compared with the control plants ( Figures 4A and 4B ). In root callus, there was 20 to 30% less of these actins than in control roots ( Figure 4C ). MAb45a, which detects the reproductive actins ACT1, ACT3, ACT4, and ACT12 (subclasses 4 and 5), did not detect any actin band in the control root extracts ( Figure 4C ) and detected only very faint bands in the extracts of seedlings ( Figure 4A ) and leaves ( Figure 4B ) incubated on germination medium without hormones. In the hormone-induced seedlings, leaves, and roots, there was a significant increase in the level of reproductive actins, but the amount of these actins was still low compared with the total actins present in these tissues ( Figure 4) .
A critical result was obtained with MAb2345a, which detects ACT7, ACT11, ACT1, ACT3, ACT4, and ACT12 of subclasses 2, 3, 4, and 5. This antibody showed a significant twofold to threefold increase in the amount of actin in the hormone-induced samples compared with the controls (Figure 4) . The three subclass-specific antibodies, MAb2345a, MAb45a, and MAb13a, reacted with similar intensity to different recombinant Arabidopsis actins on protein gel blots, as shown in Figure 1B (see also ACT1 and ACT11 in Figure   Figure 2 . Histochemical GUS Staining of Control and Callus-Induced Roots.
Roots from Arabidopsis transgenic plants harboring four different actin gene promoter-GUS fusions were incubated on CIM containing 1 mg/L 2,4-D and 50 g/L kinetin for 7 days (7d) or 21 days (21d) and then stained for GUS expression. Note that the strongest staining of root-derived callus tissue is from the ACT7-GUS transformant. Portions of callus from the ACT1-GUS transformant also show strong staining. Control roots were grown on germination medium without hormones. Bar ϭ 2 mm. 4C). Therefore, a comparison of results obtained with these antibodies suggests that there are reductions in the levels of ACT2, ACT8, and/or ACT11 and increases in the levels of ACT1, ACT3, ACT4, ACT12, and/or ACT7 isovariants. Although MAb45a detected a significant increase in reproductive actins (ACT1, ACT3, ACT4, and ACT12), the level of their expression was 1 order of magnitude less compared with that of total actin or ACT7. Therefore, ACT7 made by far the greatest contribution to the increase in the total amount of actins in all of the hormonally induced samples.
Reproductive Actins Are Induced in a Subset of Cells during Callus Formation
Because protein gel blot analysis of the hormone-induced seedlings and organs revealed a minor induction of reproductive actins (Figure 4) , we wanted to observe the spatial regulation of these actin genes before and after hormone treatment. Histochemical staining of transgenic Arabidopsis plants carrying the ACT1-GUS fusion gene demonstrated an extraordinarily high level of expression of the fusion gene product in pollen (An et al., 1996a) . In addition, there was detectable staining in leaf veins ( Figure 5A ), the central cylinder of the hypocotyl ( Figure 5B ), the root apical meristem ( Figure 5C ), and lateral root primordia ( Figure 5D ). ACT3 , another reproductive actin most closely related to ACT1 (Figure 1A) , also showed a similar pattern of expression (not shown). Upon hormone treatment, the corresponding regions of leaf, hypocotyl, and roots that stained positively for ACT1 expression underwent rapid cell proliferation and produced callus. As shown for roots, in Figures 5E and 5F, the newly formed cells showed strong blue staining for ACT1-GUS expression.
To determine how reproductive actin expression was regulated at the cellular level, we double labeled the 21-day-old callus tissue with the general polyclonal antibody PAbGPa and the reproductive actin-specific antibody MAb45a. The latter stained only 30 to 40% of total cells (apparently the meristematic cells), whereas PAbGPa stained actin filaments in all cells (Figures 5G to 5I) . In 3-month-old callus tissue, 15 to 20% of cells still stained positively with MAb45a for reproductive actins ( Figure 5L ). On the other hand, MAb2345a, which detected ACT7 along with all of the reproductive actins (subclasses 2, 3, 4, and 5), stained arrays of actin filaments uniformly in all cells ( Figure 5K ), very similar to the staining pattern of the general monoclonal antibody MAbGPa ( Figure 5J ). It is worth noting that longestablished cell lines did not contain detectable levels of the reproductive actins as determined by protein gel blot analysis (data not shown) or immunofluorescence microscopy with MAb45a ( Figure 1C ). Moreover, MAb13a, which stained the two other vegetative actins (ACT2 and ACT8), detected dense arrays of actin filaments in these cell types ( Figure  1C) . Thus, the ACT7 protein in Arabidopsis and its homologous isovariant in tobacco cells were coexpressed along with the other vegetative actins, with ACT7 as the major actin constituent.
ACT7 Is Essential for Hormone-Stimulated Growth of Callus Tissue
Knowing that the ACT7 gene is induced rapidly in response to hormones and that the ACT7 isovariant constitutes the predominant actin protein in tissue culture cells, we assumed that this gene might have an essential role to play during hormone-induced callus formation. To test this hypothesis, we examined the ability of act7-1 plants (Gilliland et al., 1998) , which exhibited significantly lower levels of ACT7 protein (data not shown), to regenerate callus in response to hormones. Although the mutant plants are morphologically very similar to the wild-type plants, they exhibit a deleterious phenotype (Gilliland et al., 1998) . We incubated similarly sized cotyledons ( Figures 6A and 6B) , leaves, and roots from young seedlings of homozygous mutants and wild-type plants on hormone-containing medium to induce callus. There were no detectable differences between the mutant and wild-type samples after 7 days, as shown for Wild-type and transgenic root samples were incubated on germination medium supplemented with or without (control) 2,4-D for 1 hr and then analyzed for GUS gene expression. Small root fragments were incubated in 4-methylumbelliferyl-␤-D-glucuronide substrate, and GUS activity was assayed at different time intervals to validate the linearity of the response. GUS activity is measured in arbitrary fluorescence units (see Methods) per 2-mg sample. An average of four independent readings is presented with the standard error for each sample. cotyledons in Figures 6C and 6D , respectively. However, after 2 to 3 weeks of incubation on CIM, significant differences could be observed in the amount of callus regenerated from the mutant (Figure 6E , left) and wild-type ( Figure 6E, right) samples. Enlarged images of callus produced from individual mutant and wild-type cotyledons and leaves after 21 days are shown in Figures 6F to 6I . Similarly, obvious differences in callus regeneration were observed between mutant ( Figures 6J, left, and 6K ) and wild-type ( Figures 6J, right , and 6L) roots after 21 days. Overall, the act7-1 mutant was much slower in inducing callus tissue relative to the wild type in all of the organs tested.
To determine whether the callus phenotype observed in the mutant was attributable to defects in ACT7 gene expression, we performed protein gel blot analysis of protein extracts from the callus tissue produced from wild-type and act7-1 mutant leaves with the general and actin subclassspecific antibodies. The results are depicted in Figure 7 . The general antibody MAbGPa revealed an approximately twofold reduction in the level of total actin in the act7-1 mutant compared with the wild-type callus. MAb45a showed a slight increase in the level of reproductive actin subclasses 4 and 5 in the mutant callus, whereas MAb13a showed no detectable changes in the levels of ACT2, ACT8 (subclass 1), and ACT11 (subclass 3) in the mutant and wild-type samples ( Figures 1A and 7) . MAb2345a detected approximately three times less actin in the mutant callus than in the wildtype control. Thus, the expression of ACT7 of subclass 2 was reduced greatly in the mutant callus tissue. The slow induction of callus in the act7-1 mutant, therefore, can be attributed to the significantly lower level of ACT7 protein expression.
To support this hypothesis, we quantified the levels of callus formation from young cotyledons, leaves, and roots. The act7-1 mutant samples produced 30 to 50% less callus than did the corresponding wild-type controls (Figure 8) . Furthermore, we examined the hormone-stimulated growth of callus tissue in act7-1 plants complemented with the ACT7 genomic transgene. We tested young cotyledons and leaves from two independent ACT7-complemented transgenic lines. Both lines showed hormone-induced callus formation restored to the normal level seen in the wild-type control (Figure 8 ). In addition, we assayed act2-1 plants (Gilliland et al., 1998) for hormonal response. They exhibited no significant defects in callus production, and the amounts of callus formed from leaves and cotyledons closely resembled those in the wild type (Figure 8) . Moreover, act2-1 act7-1 double mutants, which looked morphologically stunted ( Figure 9A ) compared with wild-type plants ( Figure 9B ) at the seedling stage (L.U. Gilliland, unpublished data), showed poor induction of callus ( Figures 9C to 9F ). Callus formation from the cotyledons and roots of these double mutants was reduced by approximately 50% compared with that in the wild-type control.
DISCUSSION
The data presented here provide strong evidence for the active involvement of the Arabidopsis ACT7 gene in the regulation of hormone-induced plant cell proliferation and callus formation. This conclusion is derived from the following six significant observations: (1) the plant hormones auxin and cytokinin or auxin alone preferentially and rapidly stimulated the activity of the ACT7-GUS reporter gene fusion over that of the other actin promoter-GUS fusion genes in transgenic Arabidopsis; (2) the hormones strongly enhanced the expression of the ACT7 protein during induction of callus tissue from different organs of wild-type Arabidopsis plants; (3) the act7-1 mutant showed slow formation of callus compared with the wild-type control; (4) complementation of the act7-1 mutants with the ACT7 gene sequence restored the hormone-induced callus formation to the normal wild-type level; (5) the callus produced from the mutant leaves contained at least two to three times less ACT7 protein compared with the wild-type callus, whereas the expression of all of the other major actin isovariants in leaves was basically unaffected; and (6) in the established culture cell lines, the ACT7 isovariant appeared to be the major actin constituent, whereas the other vegetative actins were present only at lower levels. These hormone-evoked responses of the ACT7 gene corroborated our earlier findings that the 5Ј untranslated region of ACT7 contains an active core auxinresponsive sequence, TGTCTC (McDowell et al., 1996a ). Direct or palindromic repeats of this element have been shown to be sufficient for auxin induction (Ulmasov et al., 1997 (Ulmasov et al., , 1999 and form the basis of the DR5-GUS construct that is used by many auxin biologists (Sabatini et al., 1999) . Moreover, the ACT7 promoter contains other hormoneresponsive elements and responds to several external stimuli, including wounding and other hormones (McDowell et al., 1996a) . Also, recently it was shown that an immediate evolutionary homolog of the Arabidopsis ACT7 gene in Malva pusilla is induced during a compatible plant-fungus pathogen interaction (Jin et al., 1999) . Analysis of mRNA steady state levels and the expression of actin-reporter fusions in transgenic plants have shown clearly that each of the eight functional actin genes of Arabidopsis exhibits a distinct pattern of tissue-specific and developmental regulation (Meagher et al., 1999b) . Our next objective was to determine whether there is any differential use of actin isovariants during plant growth (cell division and elongation) and morphogenesis (cell differentiation and organ initiation). It is well known that the actin cytoskeleton is very dynamic during cell morphogenesis, forming a number of structurally distinct and functionally specialized arrays in dividing (Eleftheriou and Palevitz, 1992) , elongating (Thimann et al., 1992; Thimann and Biradivolu, 1994; Miller et al., 1999) , and differentiating (Jung and Wernicke, 1991; Seagull and Falconer, 1991) cells. Furthermore, actin undoubtedly plays a significant role in establishing cell polarity (Fowler and Quatrano, 1997) . However, little information is available concerning the preferential deployment of different actin isovariants in any of the processes that contribute to plant development or in the responses of plants to external stimuli. A complete understanding of the functional importance of higher plant actin gene multiplicity requires a thorough knowledge of the spatiotemporal regulation of all of the subclasses of encoded actin protein isovariants. To address this problem, we produced monoclonal antibodies specific to different actin subclasses and used them to determine how the different actin isovariants respond to hormone-induced changes in the morphology and architecture of plant cells and organs. The subclass-specific antibodies were essential to identifying the induction of specific actin isovariants during auxin-induced meristem formation and cell proliferation.
Experiments have indicated that auxin, in concert with other plant growth regulators, profoundly affects cell elongation, cell division, and cell differentiation, thereby altering plant morphogenetic processes such as the development of lateral and adventitious roots and shoots, vascular tissues, trichomes, and tropic responses (Estelle and Klee, 1994; Davies, 1995) . It appears that auxin regulates these processes by rapidly modulating the activity of specific auxinresponsive genes that are involved in the execution of vital cellular functions and developmental processes (Abel and Theologis, 1996) . Experimental approaches designed to elucidate the molecular mechanism of auxin action have focused on auxin perception, genetic determination of the signaling apparatus, and specific gene activation (reviewed by Abel et al., 1996) . In the present study, we investigated the auxin-induced responses of actin cytoskeletal genes, which also play important roles during plant growth and morphogenesis.
When we incubated Arabidopsis cotyledons, leaves, and roots, which showed primarily ACT2 and ACT8 expression, on auxin-containing CIM, initially there was a high degree of cell proliferation in the veins of the cotyledons and the leaves and initiation of organ primordia in the central stele region of the roots. Formation of an undifferentiated mass of callus tissue followed during later stages of subculturing. Protein gel blot analysis revealed an overall increase in the amount of actin present in the hormone-treated explants or the callus tissue derived from them compared with the untreated controls. A significant increase in the level of the Protein gel blot analysis of leaf callus extracts from the act7-1 mutant and wild-type (WT) plants with the general antibody MAbGPa and the subclass-specific antibodies MAb13a, MAb45a, and MAb2345a. Forty milligrams of young leaves was incubated on CIM, and after 21 days the fresh weight of the leaf explants was measured. Comp1 and Comp2 represent two independent complemented lines. Note that the callus regenerated from act7-1 mutant leaves had approximately 30% less weight than the wild-type leaf callus. Leaves from the complemented plants and act2-1 mutants produced callus almost equal to the wild-type leaves. The mean values of three different experiments with standard errors are shown. ACT7 isovariant contributed primarily to the increase in total actin. This was determined by the comparative quantitative analysis of protein gel blots probed with four different antiactin antibodies differing in their subclass specificity. A notable induction of reproductive actins (ACT1, ACT3, ACT4, and ACT12) also was detected in the callus tissue using MAb45a. On the other hand, there was little change or even a slight reduction in the levels of ACT2, ACT8, and ACT11 isovariants, as shown by MAb13a. The fine friable callus produced after several subsequent subcultures on CIM still contained increased levels of ACT7 and detectable amounts of reproductive actin isovariants. However, the lack of detectable amounts of reproductive actins in the Fi-3, BY-2, and other long-established suspension cell lines suggested that reproductive actins such as ACT1 and ACT3, which are expressed primarily in the pollen, ovule, and meristematic tissue (Meagher et al., 1999b) , are lost during prolonged subculturing. Therefore, the ACT7 protein is present as the major actin component in the well-established tissue culture cells, along with the other vegetative actins ACT2 and ACT8. The high level of ACT7 protein may be due to the constant induction by the phytohormones required to maintain rapidly growing cell cultures.
Our immunocytochemical studies indicated that there is coexpression of the predominant ACT7 and other actin isovariants (e.g., ACT2 and ACT8) in the tissue culture cells and that the monomers of all of these isovariants may polymerize to form heteropolymers of F-actin (our unpublished observations). The copolymerization of different actin isovariants might facilitate more flexibility in the dynamic behavior of actin proteins by allowing them to interact specifically with different actin binding proteins (Meagher et al., 1999a) . Because ACT7 is the major actin present in these cells, it is likely that the actin filaments are rich in ACT7 isovariant, and such filaments may be better suited for the dynamic response of the cells to hormones in CIM. For example, among several dynamic properties, ACT7 might polymerize and/or depolymerize more rapidly than other isovariants. Our results suggest that increased expression of the ACT7 gene may be required specifically for the growth and proliferation of tissues and organs in cultures, because this gene might be capable of responding rapidly to auxin and other growth hormones.
Moreover, the act7-1 mutant, which exhibits relatively normal plant morphology but is defective in ACT7 protein expression, was slow to produce callus in response to hormones. In addition, the complementation of the act7-1 mutation with the ACT7 gene sequence restored the ability of the mutant plants to produce callus to wild-type plant levels, confirming that the ACT7 gene is involved in normal callus formation. On the other hand, plants with a mutation in the ACT2 gene, which is more highly expressed in mature vegetative tissue than ACT7, were capable of inducing callus tissue at rates comparable to the wild-type controls. This suggests that ACT2 is not likely to play an active role in callus formation.
In conclusion, our study demonstrates that the Arabidopsis ACT7 gene appears to be essential for the normal growth of callus tissue. A mutant defective in the expression of this gene was unable to produce callus tissue at rates equivalent to the wild type, and complementation of this mutation with the ACT7 gene restored normal levels of callus production. Coexpression of the predominant ACT7 isovariant with the other actins might facilitate isovariant dynamics in a unique manner, a process that would enhance the responses of the actin cytoskeleton to external stimuli such as hormones, wounding, and pathogen attack. This study strongly suggests that the ACT7 protein and its homologs in other plants play an active role in cell proliferation and respond to external stimuli in higher plants.
METHODS
Plant Material and Hormone Application
Arabidopsis thaliana ecotype RLD or Wassilewskija seedlings were grown on plates containing germination medium (full-strength Murashige and Skoog [1962] [MS] salts, MS vitamins, 1% sucrose, and 0.8% phytagar, pH 5.7) at 22ЊC with a 16-hr photoperiod. Cotyledons and leaf and root tissue from 2-to 3-week-old seedlings were harvested and treated with hormones by incubating them on callusinducing medium (CIM; MS salts, MS vitamins, 3% sucrose, 0.8% phytagar, 1 mg/L or 4.5 M 2,4-D, and 50 g/L or 25 nM kinetin, pH 5.7). For a control, samples were incubated on similar medium without hormones. At different times, proteins were extracted from the explants and analyzed by protein gel blotting for changes in actin isovariant expression. Portions of samples were maintained on CIM for up to several months by regularly subculturing onto new plates every 2 weeks. The callus tissue also was used at different stages for immunofluorescence microscopy. To understand the effect of auxin on actin gene regulation in whole seedlings, 2,4-D (1 mg/L or 4.5 M) or indoleacetic acid (IAA; 1 mg/L or 5.7 M) was added directly to 1-week-old seedlings grown in flasks containing quarter-strength liquid germination medium. The hormone-treated seedlings were harvested at different times for protein analysis. For quantitative analysis of callus production, equal amounts ‫04ف(‬ mg) of young leaves or cotyledons from control and experimental plants were incubated on CIM, and after 21 days the fresh weight of explants was measured. Samples were transferred to new plates after 10 days of incubation, and the experiments were repeated at least three times. The means and standard errors were calculated, and the values were plotted using Excel (Microsoft, Redmond, WA).
Monoclonal Antibody Production
To produce actin subclass-specific antibodies, Arabidopsis ACT2, ACT7, and ACT11 proteins were expressed in Escherichia coli using the pET15b expression system (Novagen, Madison, WI). The recombinant actins were isolated from inclusion bodies, purified to near homogeneity by preparative gel electrophoresis, and partially renatured as described previously for other plant actins . Several mice were immunized with the purified recombinant actins, and two or three mice showing high antibody levels were identified for each protein by ELISA of serum from a tail bleed. Splenocytes isolated from these mice were fused with myeloma cells (SP2/O) to produce the hybridomas. Monoclonal cell lines producing anti-actin antibodies were identified by ELISA, and the specificity of the antibodies was determined by protein gel blot analysis of hybridoma supernatants with all of the expressed Arabidopsis actins, as described previously . The cell lines of interest were expanded to produce large quantities of hybridoma supernatant. The antibodies in the supernatant were isolated by ammonium sulfate precipitation and then purified using the Affi-Gel Protein A MAPS II Kit (Bio-Rad). The antibodies were isotyped using Clonotyping System AP (Fisher Biotech, Pittsburgh, PA). The purified antibodies were then used for immunofluorescence microscopy or immunoblot analysis of plant extracts. We used the following antibodies as controls in the present study: MAbGPa, a monoclonal antibody with general plant actin specificity ; PAbGPa, a polyclonal antibody with general plant actin specificity ; and MAb45a, a monoclonal antibody that reacted with actin subclasses 4 and 5 representing four of the five reproductive actins .
Analysis of GUS Activity of Hormone-Induced Transgenic Roots
Transgenic plants carrying different actin promoter-␤-glucuronidase (GUS) fusion genes and showing high levels of expression (ACT1-GUS, ACT3-GUS, ACT2-GUS, and ACT8-GUS [An et al., 1996a ; ACT4-GUS and ACT12-GUS [Huang et al., 1996] ; ACT11-GUS [Huang et al., 1997] ; and ACT7-GUS [McDowell et al., 1996a] ) were grown on germination medium. Root segments from these plants were induced with hormones by incubating them on CIM for histochemical analysis or on germination medium supplemented with 4.5 M 2,4-D or 5.7 M IAA for fluorometric assay, as described above. Histochemical GUS staining of the root samples before and after 7 or 21 days of hormone treatment was performed as reported previously (An et al., 1996a) . For fluorometric quantitation of promoter-GUS expression, 2 mg of both control and hormone-treated (1-hr) root segments was incubated in 4-methylumbelliferyl-␤-D-glucuronide substrate (Jefferson et al., 1987) placed in 96-well microtiter plates. After different times (0, 10, 15, and 20 min), the reaction was stopped with 2 M Na 2 CO 3 and GUS activity was measured in fluorescence units using the Biolumin 960 fluorescence microtiter plate reader (Molecular Dynamics, Sunnyvale, CA) at 360/450 nm (excitation/emission). The experiments were repeated two times with duplicate samples for each treatment.
Protein Gel Blot Analysis
The methods for preparing protein samples from plant tissues or from E. coli expressing recombinant actins for protein gel blot analysis have been described . The proteins were separated on 10% SDS-PAGE gels and blotted onto Immobilon membranes (Millipore, Bedford, MA) by semidry blotting (Hofer, San Francisco, CA). The membranes were then blocked in TBST (10 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20) containing 10% goat serum and 5% nonfat dry milk and probed with the anti-actin primary antibodies (0.25 or 0.5 g/mL) in the blocking solution for 1 hr at room temperature. After washing in TBST (3 ϫ 10 min), the blots were incubated with horseradish peroxidase-conjugated anti-mouse secondary antibody at 1:2000 dilution in the blocking solution for 30 min. The blots were washed again in TBST (3 ϫ 10 min) and treated with enhanced chemiluminescence detection solution (Amersham) for approximately 2 min and then exposed to the Hyperfilm enhanced chemiluminescence system (Amersham). The actin bands were quantified by scanning the film in a densitometer loaded with Image Quant software (Molecular Dynamics). Protein gel blot analysis was repeated at least twice for each treatment and plant organ.
Immunofluorescence Labeling
The hormone-induced callus tissue from roots or Fi-3 (Davis and Ausubel, 1989) and BY-2 (Nagata et al., 1981) suspension cells were used for immunofluorescence microscopy. The samples were fixed in 4% paraformaldehyde in PME (50 mM 1,4-piperazinediethanesulfonic acid, pH 7.0, 5 mM EGTA, 1 mM MgSO 4 , and 0.5% casein) containing a protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany) for 1 hr at room temperature. Fixation was done either with or without maleimidobenzoyl-N-hydroxysuccinimide ester pretreatment (Sonobe and Shibaoka, 1989) . After fixation, the samples were washed in PME (3 ϫ 5 min) and permeabilized by treating with 1% Cellulysin (Calbiochem, San Diego, CA) and 0.1% Pectolyase (Sigma, St. Louis, MO) in PME containing the protease inhibitors for 40 to 60 min. After washing for 5 min in PME and twice for 10 min in PBS, the cells were immobilized onto chromium potassium sulfate-and gelatin-coated slides as described previously (Liu and Palevitz, 1992) . The cells on slides were further permeabilized in 0.5% Triton X-100 for 30 min and Ϫ20ЊC methanol for 10 min. After 20 min of treatment with 0.1 M glycine and washing in PBS, the cells were blocked for 1 hr in TBST-BSA-GS (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20, 5% BSA, and 10% goat serum).
The slides then were incubated in the primary anti-actin antibody (MAbGPa, MAb2345a, MAb45a, or MAb13a) at 2 to 5 g/mL in the blocking solution overnight. After rinsing three times for 10 min in PBS, the slides were incubated in fluorescein isothiocyanate-conjugated anti-mouse secondary antibody (Sigma) at 1:100 dilution for 4 hr. Slides were double labeled by incubating in a mixture of PAbGPa and MAb45a overnight and then with fluorescein isothiocyanateconjugated anti-rabbit (Sigma) and Texas Red-conjugated antimouse (Amersham) antisera for 4 hr as described above. After secondary antibody labeling, the slides were washed in PBS (3 ϫ 10 min) and mounted with 80% glycerol in PBS containing 1 mg/mL p-phenylenediamine (Sigma). The actin microfilaments in the labeled cells were visualized with a Bio-Rad MRC-600 confocal laser scanning microscope using suitable filters. The images were then transferred to a PowerMac/7100 computer and further processed using Adobe (Mountain View, CA) PhotoShop software.
Complementation of act7-1 Mutant Plants with the ACT7 Gene Sequence
To verify that the mutant callus phenotype was attributable directly to the disruption of the ACT7 gene, a 4-kb genomic clone containing the ACT7 gene was transformed into Arabidopsis cv Wassilewskija plants by Agrobacterium tumefaciens-mediated transformation. Kanamycin-resistant transformants containing the ACT7 transgene were selected and crossed with act7-1 act7-1 plants. After a generation of selfing, numerous progeny plants were screened by polymerase chain reaction for the presence of the complementing genomic allele and the absence of the native ACT7 gene. Therefore, the resulting complemented plants were homozygous for act7-1, with at least one copy of the ACT7 transgene. Two independent mutant lines containing the transgene were used in the callus regeneration analysis.
